We report Hubble Space Telescope (HST) lightcurve observations of the New Horizons spacecraft encounter Kuiper Belt object (KBO) (486958) 2014 MU69 acquired near opposition in July 2017. In order to plan the optimum flyby sequence the New Horizons mission planners needed to learn as much as possible about the target in advance of the encounter. Specifically, from lightcurve data, encounter timing could be adjusted to accommodate a highly elongated, binary, or rapidly rotating target. HST astrometric (Porter et al. 2018 ) and stellar occultation ) observations constrained MU69's orbit and diameter (21 -41 km for an albedo of 0.15 -0.04), respectively. Photometry from the astrometric dataset suggested a variability of ≥0.3 mags, but they did not determine the period or provide shape information. To that end we strategically spaced 24 HST orbits over 9 days to investigate rotation periods from approximately 2-100 hours and to better constrain the lightcurve amplitude. Until New Horizons detected MU69 in its optical navigation images beginning in August 2018, this HST lightcurve campaign provided the most accurate photometry to date. The mean variation in our data is 0.15 magnitudes which suggests that MU69 is either nearly spherical (a:b axis ratio of 1:1.15), or its pole vector is pointed near the line of sight to Earth; this interpretation does not preclude a near-contact binary or bi-lobed object. However, image stacks do conclude that MU69 does not have a binary companion ≥2000 km with a sensitivity to 29 th magnitude (an object a few km in size for an albedo of 0.04-0.15). Our data are not of sufficient signal to noise to uniquely determine the period or amplitude, however, they did provide the necessary information for spacecraft planning. We report with confidence that MU69 is not both rapidly rotating and highly elongated (which we define as a lightcurve amplitude ≥0.5 magnitude). Since this paper is being published post fly-by, we note that our results are consistent with the fly-by imagery and orientation of MU69 (Stern et al. 2019) . The combined dataset also suggests that within the KBO lightcurve literature there are likely other objects which share a geometric configuration like MU69 resulting in an underestimate of the contact binary fraction for the Cold Classical Kuiper Belt.
1.
INTRODUCTION (486958) 2014 MU69 "Ultima Thule" (hereafter MU69) is one of ~3000 objects that have thus far been identified and cataloged since discovery of the first Kuiper Belt object in 1992 (Jewitt & Luu 1993) . MU69 resides in the Cold Classical region of the Kuiper Belt with a semi-major axis of a=44.08 AU, a nearly circular orbit with e=0.035, and low inclination of i=2.4°. MU69 was one of 5 objects discovered through a deep, directed search for a post-Pluto fly-by target for the New Horizons spacecraft ) using the Hubble Space Telescope (HST) in the summer of 2014 [GO-13663; PI J. Spencer; see also Buie et al. (2018) ]. Follow-up astrometric measurements (GO-14485, GO-14629, and GO-15158; PI M. Buie) confirmed its suitability for flyby accessibility, and refined its orbit for spacecraft targeting (Porter et al. 2018) . Along with positional information we also acquired photometry, although at differing signal-to-noise ratios (S/N) depending on the observational geometry dictated by the need for orbit refinement. All of the data were collected using the Wide Field Camera 3 (WFC3) in the F350LP filter in order to collect as many photons as possible on the object. Exposures for the astrometric images were 368 seconds in duration.
While the New Horizons flyby provided a close, detailed understanding of MU69, precise encounter planning and navigation depended on the ability to characterize its physical properties from the confines of the Earth and Earth's orbit. HST has ideal capabilities to accomplish these flyby precursor support tasks. One of the key physical characteristics to investigate was MU69's shape and/or binary nature. If MU69 were significantly elongated, then the New Horizons team would want to time the close encounter to take place when the largest cross-section faces the spacecraft. Likewise, if the object were found to be rotating rapidly, then that rotation period could have influenced the instrument sequencing and integration times.
2.
PHOTOMETRY FROM ASTROMETRIC DATASET Our search for rotational variation began by using photometry extracted from the HST astrometric dataset (Table 1 , see section 4 for details of photometry extraction). Since the data were collected near both points of quadrature as well as at opposition, the data span a wide range of S/N. We geometrically correct the photometry to an H-magnitude, HF350LP, following the relations of Bowell et al. (1989) modified for a linear phase function:
H F350LP =m F350LP (1,1,α=0 • )=mF 350LP −5log(r∆)−αβ.
(1)
In Equation 1, r and D (in AU) are the heliocentric and geocentric, distances, respectively, a is the solar phase angle b is the solar phase coefficient. We consider the linear phase function appropriate because of the low the S/N of the data. Our data cover a phase range from 0.05 to 1.29 degrees and we find a phase coefficient of b = 0.18±0.01 mag/° (Figure 1 ) determined by a linear fit to the non-phased, but geometrically corrected, data combining all of the measurements available. The resulting, corrected, photometry for MU69 is plotted in Figure 2 .
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We used this astrometric dataset to place constraints on the amplitude of possible lightcurves because the wide spacing of the astrometric dataset is not suited for rotation-period determination. The uncertainties in this dataset are sizable, with a mean of 0.18 magnitudes, but sometimes as large as 0.32 magnitudes. Magnitude variations within individual HST orbits average around 0.15 magnitudes, but are as large as 0.4 magnitudes and not always systematic. Given the large range of S/N in this dataset we reasoned that variations of ≥0.3 magnitudes provided an approximate lower limit for the lightcurve amplitude of MU69 to be expected in a more densely sampled survey. This is a lower limit because assuming the rotation period is longer than 3.2 hours (2 consecutive HST orbits), a reasonable assumption for KBOs (Romanishin & Tegler 1999) , then at best we are only observing part of the rise or fall in the lightcurve amplitude during the astrometric observations.
To place our assumptions in context, we note that the average rotation period for KBOs, with some degeneracy with respect to single vs. double peaked lightcurve interpretations, ranges from 7 to 9 hours (Duffard 2009; Benecchi & Sheppard 2013; Thirouin et al. 2016 ). However, periods as short as 3.9 hours (Haumea; Rabinowitz et al. 2006 ) and as long as 154 hours (PlutoCharon; Walker & Hardie 1955 ) have been measured, so the 99 sparsely-measured points spaced over 4 years do not provide sufficiently dense sampling. We used the range of observed periods as a guide when designing our survey.
3.
NEW OBSERVATIONS Armed only with the knowledge that the total flux from MU69 varies, we set out to design an HST program to attempt to extract its rotation period and amplitude. Without prior information about how short or long the rotation period might be, we designed a program (GO-14627; PI S. Benecchi) to sample periods ranging from a few to multiple tens of hours. We assumed that the object is more likely elongated rather than spherical given our knowledge of small KBO lightcurves thus far (Trilling et al. 2006 ). If we measure large amplitude (>0.4 magnitudes) variation then we will be able to more reliably estimate MU69's true rotation. If, however, the lightcurve amplitude is small, then there is likely to be some ambiguity in the true period determination (Harris et al. 2014) . In either case our experiment was designed to provide useful constraints for spacecraft planning.
Our measurement sequence utilized 4 visits of 6 HST orbits for a total of 24 orbits within the timespan of 224.66 hours (based on exposure mid-times; 9.36 days), near opposition, between June 25 and July 4, when MU69 should be brightest. Visit 1 spanned 10.12 hours and was separated from Visit 2 by 13.7 hours (0.57 days). Visits 2 spanned 11.65 hours, and was separated from visit 3 by 34.3 hours (1.4 days). Visit 3 spanned 11.71 hours and was separated from visit 4 by 131.3 hours (5.47 days). Visit 4 spanned 11.7 hours. The orbits within a visit were as consecutive as possible, in order to minimize aliasing interpretations of the period; however, HST gyroscope limitations require the telescope to move off the MU69 field after 3-4 consecutive orbits. Therefore, all of the visit orbit sequences have a one or two orbit gap someplace within them. Using synthetic lightcurve datasets we concluded prior to scheduling that these gaps would not significantly impact the ability to interpret our results. The HST fields were examined in advance for background sources to make sure that we optimized the photometric return and minimized contaminated observations. Data were collected in the F350LP filter to obtain the highest S/N possible (as good as S/N~7 in the actual dataset) with integrations of 367 seconds in duration, allowing for 5 exposures in each HST orbit.
4.
PHOTOMETRY FROM LIGHTCURVE DATASET Photometry was carried out with an IDL PSF-Tiny Tim (Krist & Hook 2004) matching routine which uses an amoeba (Press et al. 1992 ) downhill simplex method minimization to match the model to the data by iteratively adjusting the values of the fitted parameters until the χ2 converged (Benecchi et al. 2009 ). Due to the low S/N of the data ~10 iterations, which we checked as the conversion happened to make sure that the model was not stuck on any background variations, were typically required to reach a final PSF model.
Initially each image was modelled with both a single and double PSF (fitting for x1,y1, flux1 in one case and x1,y1,flux1,x2,y2,flux2 in the second case) in addition to fitting for the sky background. Likewise, we also fit single and double PSFs to the orbit, visit, and campaign stacked images to look for a binary companion.
Next we ran a photometric analysis where instead of deriving the (x,y) position from the images themselves, we forced the (x,y) position on each image to be that projected by the best orbit solution for MU69 (Porter et al. 2018) . In this case we fit for only the object flux and sky background. This seemed the best way to consistently extract the fluxes for all of the HST data available for MU69 independent of the original purpose for the observations, especially since some of the measurements in the astrometric campaign were barely detectable.
The calibrated fluxes (Table 2) , expressed in the ST-magnitude (STMAG) and Vegamagnitude (VEGAMAG) systems, were derived from the observed counts matched to the actual MU69 images for an infinite aperture on the Tiny Tim models using the inverse sensitivity and photometric zero point keyword values (PHOTFLAM and PHOTZPT) from the HST image headers (Rajan et al. 2011) . Photometry is extracted from the model data to remove noise from background sources that increase the background signal and respective uncertainty in the raw images. To estimate uncertainty on the flux itself we re-run the data/model comparison with steps in flux to determine the value at which the c 2 residual of the image changes by 1-sigma. Figure 3 shows the results in F350LP Vega-magnitudes for each of the individual lightcurve campaign visits. For reference this Vega-magnitude system (the reference system for most ground-based measurements) is 0.321 magnitudes brighter than the ST-magnitude system (http://www.stsci.edu/hst/wfc3/analysis/uvis_zpts/uvis1_infinite).
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5.
DATA ANALYSIS 5.1. Binary Evaluation MU69 was easily identified in individual exposures; in most cases there were no obvious background sources or nearby bright stars. From the results of the binary vs. single image PSF fits, we conclude that MU69 is not a resolved binary in the individual HST images.
Additionally we stacked the images within each orbit to search for fainter companions that might have been missed in the individual image analysis. Images from each HST orbit (5 images per orbit, with orbit 12 having only 4 images due to an HST timing constraint), each visit (30 images over 6 orbits), and from the entire lightcurve campaign (119 images) were stacked to search for faint companions ( Figure 4) ; no faint companions were identified. Therefore, we can say with confidence that MU69 does not have a binary companion separated by ≥2000km, with a sensitivity to 29 th magnitude. This limit corresponds to an object a few km in size for an assumed albedo of 0.15-0.04.
INSERT FIGURE 4 HERE
Lightcurve Extraction
We ran two sets of analyses on the extracted magnitudes from our survey data: one considered data from only the new lightcurve campaign (119 images in total spanning 224.66 hours (9.36 days) and a second considered all of the photometry available for MU69 (an additional 99 images made since 2014), yielding a 4-year baseline (Figure 1, bottom) . To put all these data on the same baseline, we geometrically corrected all of the data (Table 2 ) following the same process as that described in Section 2. The caveat for this second analysis is that the uncertainties at some epochs are large, so when we fit a period to the data we weight the points by their uncertainties and when we evaluate the amplitude of a potential lightcurve we only consider the lightcurve campaign data since they have both high signal to noise as well as the appropriate time sampling for lightcurve work. All of our analysis is done using light-time corrected times-stamps derived from the observation Julian date mid-times from the images corrected for the observing geometry as provided in Tables 1 & 2. We analyze the data using a modified Phase Dispersion Minimization (PDM; Stellingwerf 1978) fitting technique that goes through every possible period and folds the data, then fits a second-order Fourier series to each folded lightcurve ; hereafter referred to as the "Fourier PDM" technique. This modeling is different from the traditional PDM which bins the data and looks for the place where the points in the bins are not as dispersed as other periods, but it has the advantage of being able to deal with data that is very sparsely sampled. For our dataset we searched a range of periods between 2 and 100 hours (single-peaked; 4-200 hours doublepeaked) then focused on better-sampled periods between 2-30 (4-60) hours. We used a step interval of 1000000 which is dependent upon the search range, but at the lowest resolution samples periods every 30 seconds. We are suspicious of periods near to 3.2 hours because these are commensurate with double the HST sampling rate (96 minutes), however we do not exclude them from our testing range.
As a check on our methodology, we also ran a Lomb-Scargle analysis (Scargle 1982; Press & Rybicki 1989) on our datasets to look for consistency between different period estimation techniques. This technique should work for the 9-day 2017 lightcurve campaign, but is not designed for the extremely sparse sampling of the astrometric dataset.
In the Fourier PDM the "goodness of fit" parameter is a chi-square measurement so the lower this value the better the fit. In the Lomb-Scargle model the "goodness of fit" parameter is measured as a peak in the periodogram so the higher the value the more likely the result. For the lightcurve campaign (looking from 2-10, 2-40 and 2-100 hours; Figure 5 ) using both search algorithms we see what appear to be best-fit values at a single-peaked period of 3.4 hours, doublepeaked period of 6.8 hours, however compared to the range of the plot, the marginal significance compared to other possible values is low. The Lomb-Scargle actually gives a slight preference for a period of 7.4 (14.8 double-peaked) hours. For the Fourier PDM the chi-square range is 0.35 units and the difference between the minimum and the average is only 1-sigma from the scatter. In the Lomb-Scargle model the range is 4.8, but there are clearly other peaks with not dis-similar significances near 10.8, 40 and even 90 hours. If we analyze each of the 6-orbit individual lightcurve campaign segments with either of these two models we get similarly inconclusive results.
For the astrometric dataset alone if we allow short periods we mostly find peaks slightly less than 4 hours (8 hours) which should not be commensurate with the HST orbit period since these data are mostly single HST orbit datasets. If we exclude periods shorter than 4 hours (based on an assumed break-up rotational speed barrier; Romanishin & Tegler 1999) we still find the best fit period to be near the lower limit of the search range. If we combine the datasets we find a period of 3.38 hours, double-peaked period of 6.76 hours, although if we exclude periods less than 4 hours we find a period near 21.6 hours (43.2 hours; Figure 6 ). Since there are more data points in the lightcurve campaign than in the entire astrometric campaign, this lightcurve dataset still dominates the conclusion. We note that the astrometric campaign data does not appear to significantly contradict the results of the lightcurve campaign, however the chi-square range range is still small compared to the best resultant chi-square. Therefore, we still believe there is too much uncertainty in the dataset to decisively settle on a best-fit period.
Finally, we use the data we have to place limits on the shape of MU69 and/or the geometry of the object by looking at the range of the data during each of the 6-orbit lightcurve segments, since this is the highest signal to noise dataset. The proposed variation, ≥0.3 magnitudes, that we used as a lower limit from the astrometric dataset alone in our original analysis is primarily due to the lower S/N of the photometry for measurements outside of opposition. When we fit solely to the lightcurve dataset we find that for any period the amplitude is between 0.15 and 0.5 magnitudes. Fits to the full 4-visit lightcurve dataset yield an amplitude of 0.15-0.2 magnitudes. Unfortunately, this is still comparable to the uncertainty in the dataset. While again this is not a definitive result, it does provide a useful physical limit and allows us to determine that MU69 is not significantly elongated (like the recently discovered interstellar visitor, Bannister et al. 2017; Meech et al. 2017) or suggests that the object orientation is approximately pointed in the observing direction; in either case there is no strong argument for adjusting the timing of the spacecraft encounter for observing a particularly long axis.
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Elongation/shape
If MU69 is a triaxial ellipsoid with semi-major axes a≥b≥c in rotation about the c-axis, then the minimum and maximum flux of the rotation curve measured in magnitudes, Dm, can be used to determine the projection of the body shape (i.e. how spherical the object is) into the plane of the sky:
.
The parameter q is the angle at which the rotation axis is inclined to the line of sight (an object with q=90° is being viewed equatorially; Binzel et al. 1989 ). If we make the extreme assumption that we are in fact viewing the object equatorially, then this equation can be rearranged to give the axis ratio, , and in that case MU69 has an axis ratio of 1.15-1.
Synthetic Modeling
HST Dataset Limits
Synthetic modeling provides another approach to understanding the limits of the HST dataset. We generate synthetic lightcurves for periods ranging from short (4 hours) to long (100 hours) and with peak-to-peak amplitudes ranging from 0.2 to 0.6 magnitudes. We embed these lightcurves in the magnitude randomized HST dataset and then see how many of the synthetic lightcurves we can recover, and at what precision, using the same Fourier PDM analysis as described earlier. Figure 7 gives the results for determining the amplitude of the real object in which we find unsurprisingly that the smaller the amplitude the more difficult it is to recover it accurately. This exercise demonstrates, since we do not measure an amplitude larger than ~0.15 magnitudes in the HST lightcurve campaign data, again, the strong suggestion that MU69 is NOT significantly elongated, or that its pole geometry is along the line of sight to Earth, or we are within the phase space for ambiguous interpretations/object configurations suggested by Harris et al. (2014) .
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Projected New Horizons Optical Navigation Results
Using this same synthetic modeling, the timing and S/N of the New Horizons planned optical navigation (Op-Nav) and full body science images, the spacecraft data will allow us to determine the rotation period of MU69 during its 2018 approach and 2019 encounter. For a period of 5-10 hours New Horizons should be able to resolve the period for an amplitude of 0.05 magnitudes or larger to within 0.01 hours with 85% certainty. For a longer period of ~20 hours New Horizons can resolve the same amplitude to within 0.1 hours with the similar certainty. For a period of ~40 hours our accuracy drops to 50% and for a period of ~100 hours it drops to 10%, however the period can still be determined to within a one hour uncertainty if it is low amplitude. If the amplitude is at least 0.15 magnitudes, the limit of the HST data, then New Horizons should be able to determine any period to an accuracy of better than 0.1 hours in all cases and for periods less than ~20 hours to an accuracy of better than 0.01 hours. However, the in-situ images will allow for a clear rotational determination independent of the Op-Nav images since we can use surface features to unambiguously track MU69's rotational motion.
SUMMARY AND MISSION COMPARISON
Despite the substantial amount of relatively high quality data acquired on MU69 using HST, we find that we cannot uniquely determine its rotation period and amplitude. The HST dataset presented here confirm with confidence that unless the pole vector is pointed close to the line of sight to Earth, MU69 is not rapidly rotating AND highly elongated (which we define as a amplitude lightcurve ≥0.5 magnitude). The data preclude the existence of a binary companion ≥2000km with a sensitivity to 29 th magnitude (an object a few km in size for assumed albedos of 0.04-0.15). Attempts to measure and model the lightcurve amplitude yield an average of 0.15 magnitudes, comparable to the scatter in the measurements themselves. An object with such a low amplitude lightcurve would be consistent with being relatively spherical, with an axis ratio less than 1.15. One possible explanation for a small lightcurve amplitude is that HST is viewing MU69 nearly pole-on or with the line of sight nearly perfectly pointed towards Earth. If this configuration is correct, then MU69 could still be significantly elongated and present a low amplitude variation. The lightcurve period and shape remains undetermined and does not rule out the possibility of a near-contact binary, or bi-lobed, interpretation proposed by stellar occultation data .
Finally, since this paper will come out after the MU69 encounter with New Horizons we reflect on our results in the context of the fly-by images (Stern et al. 2019, in press ). Op-Nav data up to the point of encounter still produced a non-unique rotational period. The first resolved image of MU69 showed it to be a bi-lobed object consistent with the occultation results. The higher resolution images acquired during the fly-by showed that it is in fact rotating in a face-on/line of sight orientation such that the lobes rotate around a common center point, but the same overall surface-area is more or less always pointed towards Earth. In other words, the spin axis of MU69 lies within the cone within which the brightness variations due to a changing cross-section is smaller than the photometric errors in our measurements (Lacerda & Luu 2003) . This is one of the ambiguous results presented in Harris et al (2014) and is consistent with our lightcurve nondetection.
The fact that the object is bi-lobed also significantly impacts the lightcurve amplitude that we observed in that a fully elliptical object rotating in the same way would present a lightcurve with a comparatively larger amplitude. Using the preliminary reported pole (Porter et al, 2019,) of J2000 RA = 300° and Dec -21°, we calculate that the Earth-pole angle viewing angle of MU69 was inclined to the viewer 14° (Zangari et al, 2019) . Combining this information with preliminary size measurements for the two lobes (9.73+/-0.02 km and 7.12+/-0.06 km, Stern et al 2019 , Bierson et al, 2019 , we can estimate the approximate light curve amplitude we might have observed. Under the assumption that both objects are completely spherical, there is no "neck," and that the light reflected from each object is exactly proportional to the visible object area, Figure 8 shows the lightcurve for several pole inclinations with the preliminary 14° estimate highlighted giving an idealized lightcurve amplitude of 0.003 magnitudes. For comparison, a projected ellipsoid model (Connolley & Ostro 1984) with identical edge-on maxima and minima to the contact binary would have an amplitude of 0.019 magnitude, a factor of 6 larger. Unfortunately, both of these values are well below the minimum detectable lightcurve amplitude of 0.15 magnitudes reported herein and even below any feasible photometry accuracy for an object of this magnitude from any groundbased or Earth-orbit facility. While these models are both simplistic, for a lightcurve amplitude as large as the scatter in our data, 0.15 magnitudes, to be produced would require a contact binary pole inclination of ≥52° or an ellipsoidal pole inclination of ≥40°. This observation suggests that within the KBO lightcurve literature there are probably other objects which share a geometric configuration like MU69 resulting in an underestimate of the contact binary fraction for the Cold Classical Kuiper Belt. Figure 3 . Individual data points for each lightcurve campaign visit (sets of 6 semi-consecutive HST orbits) with 1-sigma error bars. The approximate 2-orbit gap between the measurements in each set was due to a telescope constraint that required HST to be repointed after no more than 4 orbits. The gap does not severely impact the use of the data for our purposes. The most consistent period derived from the lightcurve campaign (looking from 2-10, 2-40 and 2-100 hours) using both search algorithms is a single-peaked period of 3.4 hours, double-peaked period of 6.8 hours. The Lomb-Scargle settles on a period of 7.4 (14.8 double-peaked) hours with a slightly stronger spectral power; however, in no case is one period found with statistical significance. The error bars (1-sigma in the plots) in both datasets are still quite large although the individual periods that come out of each individual analysis are somewhat consistent with each other. Figure 6 . (left) Astrometric-only dataset and (right) combined astrometric and lightcurve datasets using the Fourier PDM algorithm (with 1-sigma error bars). In the astrometric-only dataset, periods near the short end dominate the periodogram results. In the combined datasets we nearly exclusively find a period of 3.38 hours, double-peaked period of 6.76 hours, although if we exclude periods less than 4 hours we find a period near 21.6 hours (43.2 hours). Since there are more data points in the lightcurve campaign then in the entire astrometric campaign this first dataset still dominates the conclusion, but we note that the astrometric campaign data do not appear to contradict the short period interpretation. In any case our results are not statistically significant.
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Figure 7.
Synthetic analysis of potential lightcurve amplitudes in which we seed the HST dataset with rotation curves having amplitudes ranging from 0.2 to 0.6 magnitudes with similar uncertainties as we have in the HST lightcurve campaign dataset. The larger the amplitude the easier it is to make an accurate determination. Fundamentally this tells us that if MU69 was rotating rapidly with a large amplitude, then we should have been able to detect that given the S/N in our data. (Bottom) Model contact binary light curves for the full range of pole inclinations assuming both objects are completely spherical, there is no "neck" and that the light reflected from each object is exactly proportional to the visible object area. The 14° inclination of 2014 MU69's pole relative to the Earth is highlighted in red on each of these plots and changes by a factor of 6 between the two configurations. While these models are both simplistic, for a lightcurve amplitude as large as the scatter in our data, 0.15 magnitudes, to be produced would require a contact binary pole inclination of ≥52° or an ellipsoidal pole inclination of ≥40° (gray area in each plot).
